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Introduction

Moisture deficit accompanied by high-temperature stress

Abstract

In the southern United States, corn production encounters moisture deficit
coupled with high-temperature stress, particularly during the reproductive stage
of the plant. In evaluating plants for environmental stress tolerance, it is
important to monitor changes in their physical environment under natural
conditions, especially when there are multiple stress factors, and integrate this
information with their physiological responses. A low-cost microcontroller-
based monitoring system was developed to automate measurement of canopy,
soil and air temperatures, and soil moisture status in field plots. The purpose
of this study was to examine how this system, in combination with physiologi-
cal measurements, could assist in detecting differences among corn genotypes
in response to moisture deficit and heat stress. Three commercial hybrids and
two inbred germplasm lines were grown in the field under irrigated and
non-irrigated conditions. Leaf water potential, photosynthetic pigments, cell
membrane thermostability (CMT) and maximum quantum efficiency of photo-
system II (Fv/Fm) were determined on these genotypes under field and green-
house conditions. Variations observed in air and soil temperatures, and soil
moisture in plots of the individual corn genotypes helped explain their differ-
ences in canopy temperature (CT), and these variations were reflected in the
physiological responses. One of the commercial hybrids, having the lowest CT
and the highest CMT, was the most tolerant among the genotypes under
moisture deficit and heat stress conditions. These results demonstrated that the
low-cost microcontroller-based monitoring system, in combination with physi-
ological measurements, was effective in evaluating corn genotypes for drought
and heat stress tolerance.

the effect of stress is usually perceived as a decrease in
photosynthesis and associated pigments, chlorophyll and
carotenoids (Iturbe-Ormaetxe et al. 1998), which are

is a major abiotic stress factor that affects corn produc-
tion in the southern United States. In the Mid-South,
corn plants frequently encounter a period of drought and
heat stress during flowering and kernel development
(Bruns 2005), causing damage to the crop.

Various physiological traits related to drought and heat
stress have been used to monitor responses of plants to
these environmental conditions. At the whole plant level,
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mainly involved in harvesting light and generating reduc-
ing powers in the form of NADPH (Garrett and Grisham
2005). In addition to their well-established function as
collectors of light energy for photosynthesis, carotenoids
are responsible for scavenging triplet chlorophyll and sin-
glet oxygen and protecting the photosynthetic apparatus
from oxidative stress (Havaux 1998, Camejo et al. 2005,
Balouchi 2010). Loss of these pigments during
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environmental stress is a good indicator of the response
of plants to the particular stress, and change in chloro-
phyll/carotenoid ratio is considered to be a sensitive indi-
cator of oxidative damage (Hendry and Price 1993). The
maximum photosystem II (PSII) efficiency (Fv/Fm) can
also be used as an indicator of changes in the photosyn-
thetic apparatus as the plants’ environment changes.
Chlorophyll fluorescence is a quick and non-destructive
technique widely used to investigate damage to PSII and
thylakoid membrane by various types of stresses including
heat and drought (Krause and Weiss 1984, Camejo et al.
2005, Ristic et al. 2007, Tang et al. 2007, Wahid et al.
2007).

Cellular membranes are among the first targets of
many plant stresses, and it is generally accepted that the
maintenance of their integrity and stability under stress
conditions is a major component of tolerance (Levitt
1980, Bajji et al. 2001). Under stress conditions, mem-
brane fluidity changes, lipid peroxidation increases and
membrane selectivity is often impaired (Levitt 1980, Su
et al. 2007, Dias et al. 2010). Measurement of cell mem-
brane thermostability (CMT) as the conductivity of elec-
trolytes leaking from tissues is one technique that has
been used as an indirect method of screening for heat
stress tolerance in various crop species including corn
(Ismail and Hall 1999, Srinivasan et al. 1996, Tang et al.
2007, Dias et al. 2010).

The amount of water used by a crop plant at any time
depends, among other things, on moisture availability in
the soil, air temperature and soil temperature. Determina-
tion of soil moisture status is of major consideration
regarding plant water relations. Soil temperature is also
important as extreme soil temperatures can limit the
availability of water to the roots and cause water deficit
stress (Gavito et al. 2001, Lambers et al. 2008). Canopy
temperature (CT) measurement relative to ambient air
temperature is often used to assess plant stress arising
from moisture deficit or high temperature (Gonzalez-
Dugo et al. 2006, Reynolds et al. 2007) and has been used
in identifying genotypes that maintain lower CT as com-
pared to other genotypes under the same moisture deficit
or heat stress conditions (Balota et al. 2008, Kashiwagi
et al. 2008, Rashid et al.1999). A relatively lower canopy
temperature in drought stressed plants indicates a better
capacity for taking up soil moisture and maintaining a
relatively better plant water status (Cure et al. 1989).

In the field, crops are routinely subjected to a combi-
nation of different abiotic stresses such as limited water
availability, which is frequently associated with high tem-
perature (Jiang and Huang 2001, Rizhsky et al. 2002, Mit-
tler 2006). A combination of drought and heat stress has
a greater detrimental effect on the growth and productiv-
ity of plants compared with each of the stresses applied
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individually. Recent studies have revealed that the
response of plants to a combination of two different abi-
otic stresses is unique and cannot be directly extrapolated
from the response of plants to each of the different stres-
ses applied individually (Mittler 2006, Rizhsky et al.
2002). To have a better understanding of how plants
respond to environmental stress, we need to monitor and
record changes in their physical environment under natu-
ral conditions, especially when there are multiple stres-
sors, and integrate this information with their
physiological responses. A low-cost microcontroller-based
monitoring system was developed to automate the mea-
surement and recording of canopy, soil and air tempera-
tures, and soil moisture status in cropped fields, which
among other factors, affect plant and soil water relations
(Fisher and Kebede 2010). This automated system records
data continuously throughout the cropping season and
during inclement weather when manual measurements
would likely not be collected. Sensors installed in a fixed
location ensure consistency in measurements (same loca-
tion in the field, same part of the plant and same physical
orientation of the sensors). The purpose of this study was
to examine how our automated system, in combination
with physiological measurements, can help monitor mois-
ture deficit and heat stress and detect differences among
corn genotypes in response to these stresses.

Materials and Methods
Plant material and experimental design

This study was conducted at the Jamie Whitten Delta
States Research Center, Stoneville, MS, UDSA-ARS, in
2009 and 2010. The soil at the experimental site was a
Beulah fine sandy loam (coarse-loamy, mixed thermic
Typic Dystrochrepts). Three corn commercial hybrids and
two germplasm lines were planted on 7 April 2009 and 6
April 2010. The hybrids consisted of Pioneer 31G70, Pio-
neer 32B34 and DeKalb 63-42. The germplasm lines were
developed by the Germplasm Enhancement of Maize
(GEM) Programme in 2003 and 2004 (USDA-ARS, Ames,
IA, USA) with tropical background: PI 489361 (GEMS-
0092, a drought stress-tolerant inbred germplasm with
25 % tropical background from Cuba) and PI 639055
(GEMS-0030, aflatoxin resistant inbred germplasm with
50 % tropical background from Brazil). For the conve-
nience of illustration, Pioneer 31G70, Pioneer 32B34,
DeKalb 63-42, PI 639055 and PI 489361 will be desig-
nated as Hybrid 1, Hybrid 2, Hybrid 3, Germ 1 and
Germ 2, respectively (Table 1).

The experiment was conducted under two soil moisture
treatments. A split-plot experimental design was used
with main unit treatments consisting of two soil moisture
treatments, irrigated and non-irrigated, and five corn
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Table 1 Corn genotypes used in the study and their designation

Genotype Designation
Pioneer 31G70 — Commercial hybrid Hybrid 1
Pioneer 32B34 — Commercial hybrid Hybrid 2
DeKalb 63-42 — Commercial hybrid Hybrid 3

PI 639055 (GEMS0030) — Inbred germplasm Germ 1

Pl 489361 (GEMS-0092) — Inbred germplasm Germ 1

genotypes as subplot treatment. Main unit experimental
design was a randomized complete block with four
blocks, and each main treatment was randomly assigned
within each block. Subunit treatments were randomly
assigned within each main unit treatment and arranged in
plots each consisting of four rows of 9.1 m long, with
1 m row spacing, and planted at a seeding rate of about
70 000 seeds ha™'. Non-irrigated buffer strips consisting
of four rows were planted between and parallel to all irri-
gated and non-irrigated main unit treatments. Prior to
planting, K as muriate of potash at 67 kg ha™' and N as
NH,NO; at 112 kg ha™' were applied and incorporated
into the soil. Additional N, in a liquid fertilizer form at
100 kg ha™', was applied at growth stage V6. Irrigation
treatments were applied beginning at anthesis (early June)
using furrow irrigation with a 10-day rotation between
irrigations or after a rain event of 25 mm or more, which
is a schedule commonly used for corn production in the
region after silking.

Moisture and temperature data collection using an
automated microcontroller system

Measurements of leaf, air, and soil temperatures and soil
moisture status were made using an automated microcon-
troller-based monitoring system. The monitoring system,
described in detail by Fisher and Kebede (2010), consisted
of electronic sensors and a microcontroller-based circuit.
Thirty of the data-collection systems were installed in
plots consisting of five genotypes and two soil moisture
treatments with three replications of each combination.
The temperature sensors consisted of an infrared ther-
mometer sensor for measuring plant canopy temperature,
a digital sensor for measuring soil temperature and an
analog sensor for measuring air temperature. Soil mois-
ture status was determined using a Watermark 200-SS
(Irrometer, Riverside, CA, USA) water-potential sensor.
In each plot, the monitoring systems were installed in
one of the two middle rows of a four-row plot, halfway
down the length of the plot. Soil-moisture and soil-tem-
perature sensors were installed at a depth of 30 cm below
the soil surface. The infrared leaf-temperature sensor was
installed inside a thick-walled PVC plastic enclosure and
attached with a clamp to a tall fibreglass pole so that the
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height of the sensor could be adjusted periodically as the
plants grew. The sensor was oriented facing north, aimed
at the south-facing leaves of the crop. The air-tempera-
ture sensor was mounted in the canopy approximately
30 cm above the soil surface and shaded to avoid direct
exposure to sunlight.

Throughout the growing season, data were downloaded
during periodic visits to each location to a handheld
computer. The data, in standard ASCII text format, were
later transferred to a desktop computer for examination,
analysis and storage.

Physiological measurements

Chlorophyll and carotenoids

Chlorophyll and carotenoids were determined on leaves
in about 10-day intervals starting at anthesis until late
dent stage (from the beginning of June to the end of
July). Leaf samples were cut from the middle part of the
blade, placed in plastic bags and kept on ice in a cooler
for transport to the laboratory. Two 10-mm diameter leaf
discs were taken from each leaf sample and placed in a
vial containing 2 ml of absolute ethanol and incubated
for 24 h at room temperature (25 °C) in the dark. Chlo-
rophyll a (Chl a), chlorophyll b (Chl b) and carotenoids
were determined by measuring absorbance at 480, 645
and 663 nm wavelengths on a spectrophotometer (Beck-
man Coulter DU 800 Spectrophotometer, Brea, CA, USA)
and computed following the method of Hendry and Price
(1993). Then, total chlorophyll (Chl), chlorophyll a/chlo-
rophyll b ratio (Chl a/b) and chlorophyll/carotenoid ratio
(Chl/Carot) were calculated. Fifteen 16-mm diameter leaf
discs were punched from the same leaf samples to deter-
mine specific leaf weight. The leaf discs were dried at
70 °C for 72 h, and specific leaf weight was calculated as
dry weight per unit leaf area.

Leaf water potential

Leaf water potential (V) was determined on the same
leaves used for chlorophyll determination using leaf cutter
thermocouple psychrometers (J.R.D. Merrill Specialty
Equipment, Logan, UT, USA) at midday (1200-1300 h).
A 5-mm diameter leaf disc was taken from the midpoint
along the length of the leaf blade and placed in a leaf cut-
ter thermocouple psychrometer. Samples were taken from
four individual plants for each genotype per water treat-
ment in four replications. The leaf cutter thermocouple
psychrometers were placed in a water bath at 25 °C for
4 h. Outputs from the psychrometers were recorded by a
PSYPRO data logger (WESCOR Inc., Logan, UT, USA).
Three W, readings were taken from each sample, and the
average of the three readings was calculated for each of
the four samples per plot.
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Cell membrane thermostability and chlorophyll fluorescence

To complement the field experiment, plants from the
same corn genotypes were grown in a greenhouse in 19-1
pots containing Metro-Mix 200 (Sun Gro, Bellevue, WA,
USA) in six replications under a 28/23 °C day/night tem-
perature regime and 16-h photoperiod (with supplemen-
tal lighting). The corn seedlings were watered every day
with a half-strength Hoagland’s nutrient solution. Pots
were rotated periodically to minimize position-induced
plant-to-plant variation. When the plants were about
5 weeks old, temperature in the greenhouse was raised to
38/33 °C day/night for 7 days to impose heat stress on
the plants. Before the heat stress treatment was imposed,
initial (no heat stress) chlorophyll fluorescence (CF) mea-
surements were made on the youngest and fully expanded
leaves. The leaves were dark adapted using dark-adapta-
tion clips for 1 h, and CF (Fv/Fm- variable fluorescence/
maximal fluorescence) was measured using an OSI1-FL
modulated chlorophyll fluorometer (Opti-Sciences, Hud-
son, NH, USA). CF measurements were made on the
heat-stressed plants on the third, fifth and seventh day
after the start of the heat stress treatment. Immediately
after each CF measurement, leaf discs were taken in the
same leaf blade area that was used for CF to determine
chlorophyll content and CMT. For CMT determination, a
cork borer with 10-mm inner diameter was used to col-
lect 10 leaf discs from each leaf used for CF. The leaf
discs were immediately placed in glass vials containing
2 ml deionized water and quickly brought to the labora-
tory. Leaf discs were thoroughly rinsed three times in
deionized water to wash out any adherent electrolytes
from both leaf surfaces and damaged cells because of cut-
ting. After final washing, 10 ml of water was added to
each tube, and samples were incubated at room tempera-
ture (25 °C) for 24 h. To determine electrolyte leakage on
the samples, electrical conductivity (EC) was measured
after 24 h (T1) using a Solution Analyzer 4603 (Amber
Science Inc., Eugene, OR, USA). The samples were then
autoclaved for 10 min at 0.10 MPa pressure to completely
kill the cells and release all the electrolytes. Vials were
brought to 25 °C and final EC was measured (T2). Per-
centage relative cell injury (RCI %), an indicator of CMT,
was calculated with the following formula:

_(m
RCI(%):l—#x 100
1- (&)

where T and C refer to EC values of heat-treated and
control leaf discs, and 1 and 2 denote initial and final EC
readings, respectively (Sullivan 1972).

Additional CMT determination was made on leaf sam-
ples collected from the field plants. Heat stress was
induced by incubating leaf discs at 40 °C for 6 h. Mea-

© 2011 Blackwell Verlag GmbH, 198 (2012) 118-129

Determination of Moisture Deficit and Heat Stress Tolerance

surements on EC were made at 1.5, 3.0, 4.5 and 6.0 h
during the incubation period. After 6 h, the samples were
autoclaved to measure final EC.

Statistical analysis

All field data collected on the corn genotypes under irri-
gated and non-irrigated conditions were analysed using a
two-way PROC aNova procedure in sas ver. 9.2 (SAS
Institute, Cary, NC, USA) to test differences among the
genotypes under the two soil moisture treatments. Cell
membrane thermostability and chlorophyll fluorescence
data were analysed using PROC MIXED procedure in sas to
detect differences in measurements over time at o = 0.05
significance level. Pearson’s correlation test was done on
the data from the microcontroller-based monitoring sys-
tems and the physiological measurements. The data used
from the microcontroller systems (soil water potential,
and soil, air and canopy temperatures) were the maxi-
mum values of the hourly measurements on the seven
sampling dates used for the physiological measurements.

Results
Weather conditions

The corn-growing season for 2010 was hotter and drier
than that of the 2009 season at Stoneville, MS. The
monthly average maximum temperatures for the months
of April, May, June, July and part of August were 24.1,
26.9, 33.4, 32.2 and 33.3 °C (Aug 1-19) for 2009, and 26.8,
30.1, 34.4, 34.0 and 38.1 °C for 2010, respectively (from
Mississippi  State University weather network) (Fig. 1).
Total precipitation for the 2009 growing period was
666 mm whereas it was only 266 mm for 2010. Monthly
distribution was 58.2, 343.2, 6.9, 222 and 36.1 mm for
2009, and 46.2, 134.6, 31.5, 48 and 61 mm for 2010 for the
months of April, May, June, July and August, respectively
(Fig. 1). The monthly rainfall distribution was much lower
in 2010 except for the month of June, which was the driest
month in both seasons. July was hotter and drier in 2010
than in 2009, which brought most of the difference in
physiological measurements between the 2 years.

Data from the microcontroller-based monitoring systems

Data on leaf, soil and air temperatures and soil water
potential were collected hourly in the corn plots starting at
seedling (five leaf stage) through harvest using the thirty
microcontroller systems under irrigated and non-irrigated
conditions. An example of hourly measurements from irri-
gated and non-irrigated plots over a 4-day period in July
2010 is shown in Figure 2a—c. Soil moisture measurements
from mid-May until harvest are shown in Figure 2d. There
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Fig. 1 Maximum daily temperature in °C (open triangles and solid
squares for 2009 and 2010, respectively) and precipitation in millime-
tre (open bars and solid bars for 2009 and 2010, respectively) in
Stoneville, MS, during the growing period of the corn genotypes in
this study (Source: Mississippi State University, Delta Weather Station,
Stoneville, MS).

were no differences in these four parameters between the
irrigated and non-irrigated treatments until irrigation
started in early June. Maximum CT in the non-irrigated
plots was 2-5 °C higher than in the irrigated plots, with
highest temperatures ranging from 35 to 39 °C and 32 to
35 °C for the non-irrigated and irrigated plots, respec-
tively. Air temperature in the canopy microclimate was
also higher in the non-irrigated plots (Fig. 2b). Similarly,
soil temperature at 30 cm depth was 3-5 °C higher in the
non-irrigated plots (Fig. 2c). During this period, soil water
potential ranged from 0 (right after irrigation) to —55 kPa
(right before irrigation) in the irrigated plots and dropped
as low as =230 kPa in the non-irrigated plots (Fig. 2d).
Differences were observed in CT among the corn geno-
types in both irrigated and non-irrigated plots. Among
the hybrids, Hybrid 3 followed by Hybrid 2 had higher
CT under both soil moisture treatments (Fig. 2a). The
two germplasm lines, Germ 1 and Germ 2, had much
higher CT accompanied by higher soil and air tempera-
tures compared to the commercial hybrids (Fig. 2b,c).
Hybrid 1 had the lowest CT among all the genotypes.
Pearson’s correlation test was performed on the data
from the microcontroller-based monitoring systems and
the physiological measurements to show the association
between the two data sets (Table 2). As there was year X
soil moisture treatment interaction, only the data from
the non-irrigated treatment in 2010 were used to do the
correlation test. This test may not be close to the actual
correlation because the data used from the monitoring
systems ~ were hourly
measurements on the seven sampling dates used for the

maximum values of the

physiological measurements. However, the correlation test
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Fig. 2 A sample of hourly measurements of (a) canopy temperature,
(b) air temperature and (c) soil temperature over a 4-day period in July
2010, and (d) soil water potential for the 2010 growing season in
plots of five corn genotypes from irrigated and non-irrigated plots.
Values for each genotype are means of three replicates.
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Table 2 Correlation matrix of data from microcontroller-based monitoring system (soil water potential (SWP), soil temperature, air temperature
and canopy temperature), and physiological measurements (leaf water potential (¥y,), chlorophyll (Chl) and carotenoids (Carot)) under non-irri-
gated conditions in 2010; main entries are r-values, with P-values in parentheses

CcT ¥, Chl Carot

SWP Soil temperature  Air temperature
SWP 0.0000 (1.0000)
Soil temperature —0.4972 (0.0154)  0.0000 (1.0000)
Air temperature  —-0.2790 (0.3169)  0.8173 (0.0024)  0.0000 (1.0000)
cT —0.5014 (0.0113) 0.3940 (0.1718)  0.5805 (0.0218)
Y., 0.6550 (0.0080) —0.3101 (
Chl 0.4337 (0.1394) —0.1482 (
Carot 0.3755 (0.1756)  0.0765 (0.8704)

0.0000 (1.0000)

0.1355) —0.5687 (0.0145) -0.4907 (0.0516) 0.0000 (1.0000)
0.3806) —0.3940 (0.2601) —0.3042 (0.1835) 0.8532 (0.0012) 0.0000 (1.0000)
0.0434 (0.9255) -0.4878 (0.1103) 0.8821 (0.0007) 0.9168 (0.0001) 0.0000 (1.0000)

Table 3 Mean values of chlorophyll a (Chl a), chlorophyll b, (Chl b), total chlorophyll (Chl), chlorophyll a/chlorophyll b ratio (Chl a/b), carotenoids
(Carot), and chlorophyll/carotenoids ratio (Chl/Carot), plant height and specific leaf weight (SLW) from five field-grown corn genotypes under no
moisture deficit or heat stress conditions (n = 12). Values are means of data from the 2009 and 2010 seasons

Chla Chl b Chl Carot Plant SLW
Genotype (umol cm=2) (umol cm=2) (umol cm=2) Chl a/b (umol cm=2) Chl/Carot height (cm) (mg cm™2)
Hybrid 1 21.9° 7.0° 28.9° 3.132 8.8 3.28° 2780 1.28°
Hybrid 2 22.3° 7.0° 29.3° 3.19° 8.95¢ 3.29° 288? 1.33°
Hybrid 3 21.6° 6.6° 28.2° 3.27° 8.3 3.392 253¢ 1.19¢
Germ 1 22.3° 7.4° 29.6° 3.01° 9.5° 3.12¢ 201¢ 1.28°
Germ 2 23.5° 9.9 33.4° 2.37° 10.5% 3.18° 247¢ 1.75%
LSDo.05) 0.90 0.84 1.62 0.22 0.61 0.07 9.27 0.089

P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0003 P < 0.0001 P < 0.0001

Means with different letters in columns are significantly different.

still shows the trends in the relationships between the
data from the monitoring system and the physiological
measurements. Furthermore, significant correlations have
been observed between the two data sets (Table 2).

Soil-plant water relations

Figure 3a shows soil water potential (SWP) measurements
for irrigated and non-irrigated plots during the 2009 and
2010 growing seasons. Soil moisture was lower in 2010
than in 2009 as a result of less precipitation and higher
temperature. Initial W, measured in early June, before
irrigation treatments started, was lower in 2010 measuring
—1.3 MPa compared to —1.0 MPa in 2009 (Fig. 3b),
resulting from lower soil water potential (Fig. 3a). Leaf
water potential decreased significantly under both soil
moisture treatments in June with more negative values in
the non-irrigated treatments. In July 2009, ¥, reached
similar values in the two soil moisture treatments,
whereas in 2010, W¥,, continued decreasing in both soil
moisture treatments until the last sampling date at the
end of July with values as low as —2.28 MPa in the non-
irrigated treatments. Correlation test showed that ‘¥, was
significantly ~ correlated ~ with ~ SWP  (r = 0.6550,
P < 0.0380) (Table 2). Leaf water potential also showed

© 2011 Blackwell Verlag GmbH, 198 (2012) 118-129

significant correlation with SWP and soil, air and canopy
temperatures (Table 2). Differences in W, were not
detected among the genotypes (P < 0.1260) because of
large variability in values within each genotype.

Photosynthetic pigments

Chlorophyll and carotenoid contents determined on the
same leaves used for W, analysis followed a similar pat-
tern to the change in W, (Fig. 3c). As shown in Fig-
ure 3b,c, the changes in W, were associated with changes
in Chl over the seven sampling dates in the two growing
seasons. Highly significant positive correlation was
observed between W, and the pigments (Chl (r = 0.8532,
P < 0.0012; Carot (r = 0.8821, P < 0.0007)) (Table 2).
Even though they were not significant, Chl showed posi-
tive correlation with SWP and negative correlation with
air temperature and canopy temperature (Table 2). Simi-
larly, carotenoids had positive correlation with SWP and
negative correlation with canopy temperature. After irri-
gation started in early June, plants in the non-irrigated
plots had lower Chl and Chl/Carot ratio, but had higher
Chl a/b ratio compared to those in the irrigated plots in
both years (Fig. 3c—e). There was a reduction in Chl and
carotenoids in the samples analysed for the month of
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Fig. 3 Changes in soil water potential and its association with changes in leaf water potential and photosynthetic pigments: (a) soil water poten-
tial (SWP), (b) leaf water potential (¥,,), (c) total chlorophyll content (Chl), (d) chlorophyll a/chlorophyll b ratio (Chl a/b), and (e) chlorophyll/carot-
enoid ratio (Chl/Carot), in 2009 and 2010 on irrigated and non-irrigated corn plots. Data were collected on seven sampling dates from anthesis to

late dent stage. Each data point is a mean value of five corn genotypes.

June for both years. As shown in Figure 1, during this
period of time, there was little precipitation and air tem-
perature was high. A slight increase in these photosyn-
thetic pigments was observed in the samples taken in the
early part of July, which could be due to the age of the
leaves. During this period, the leaves being sampled were
physiologically more mature than those sampled at the
start and were gradually accumulating more Chl. In addi-
tion, there were several rain showers at the end of June
and beginning of July in both years with slightly cooler
temperatures. However, in the latter part of July, the pig-
ments were much lower in 2010 than in 2009 (Fig. 3¢).
Statistical ~ analysis on pigment content showed
year X treatment interaction (P < 0.0365). Significant dif-
ferences were also observed among the corn genotypes
grown under the two soil moisture treatments in both
years (P < 0.0079 for 2009 and P < 0.0001 for 2010).
However, there was no genotype by soil moisture treat-
ment interaction in all measurements in both years.

Among the hybrids, Hybrid 3 had lower Chl 4, Chl b and
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carotenoids in the majority of the sampling dates under
both irrigated and non-irrigated conditions, but it had
slightly higher Chl a/b ratio under non-irrigated treat-
ments (Fig. 4). The two inbred germplasm lines had val-
ues at the highest and the lowest ends. Germ 2 had much
higher Chl a, Chl b and carotenoids among all genotypes
under both soil moisture treatment (in most cases at
P < 0.0001), which could be attributed to its significantly
higher specific leaf weight (Table 3), but had the lowest
Chl a/b ratio. The reverse was true for Germ 1. It had the
lowest Chl and carotenoid contents, but had a higher Chl
a/b ratio among all genotypes under stress conditions.

Cell membrane thermostability and chlorophyll
fluorescence

There was a significant reduction in CMT, Chl, and
in dark-adapted chlorophyll fluorescence (Fv/Fm) when
heat stress was imposed on the corn plants (38/33 °C
day/night temperature) in the greenhouse for 7 days
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Fig. 4 Changes in (a) chlorophyll a (Chl a), (b) chlorophyll b (Chl b),
(c) carotenoids (Carot), (d) chlorophyll a/chlorophyll b ratio (Chl a/b)
and (e) chlorophyll/carotenoid ratio (Chl/Carot) in leaves of five corn
genotypes sampled from anthesis through late dent stage under irri-
gated and non-irrigated conditions. Data shown are from the 2010
season because of treatment by year interaction. Samples were taken
from eight plants from each genotype.

(Fig. 5a,b,c). Significant differences were observed among
the corn genotypes in CMT (P < 0.05). Cell membrane
injury caused by heat stress was less in the commercial
hybrids than in the germplasm lines. After 5 days of treat-
ment, Germ 1 and Germ 2, particularly Germ 1, had
drastic reduction in CMT (Fig. 5a). Among the hybrids,
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Fig. 5 Effect of in vivo heat stress (38/33 °C day/night temperature
for 7 days) on (a) cell membrane thermostability (CMT), (b) chlorophyll
content (Chl) and (c) maximum photochemical efficiency of photosys-
tem Il (Fv/Fm) in 6-week old plants of five corn genotypes under
greenhouse conditions. The same heat-stressed leaves were used for
CMT, Chl and Fv/Fm determination. Error bars indicate standard error
(n =6).

Hybrid 3 had significantly higher CMT on Day 3 and
Day 5 than the other hybrids; however, Hybrid 1 had a
more gradual reduction in CMT, and by the end of the
7-day heat stress treatment, it had the highest CMT. Sim-
ilar results were also observed with in vitro heat stress
treatments by exposing leaf discs of field-grown plants for
6 h at 40 °C (Fig. 6) and for 1 h at 50 °C (data not
shown). In the 40 °C treatment, it took <4.5 h for the cell
membrane in the germplasm lines, particularly Germ 1,
to reach 50 % relative injury, whereas in the two com-
mercial hybrids, Hybrid 1 and Hybrid 3, that level of
injury was not reached by the end of the 6 h treatment,
as shown in Figure 6. This supports the results from the
in vivo heat stress treatment on the greenhouse plants.

125



Kebede et al.

100
*""\T:

” % ‘%bﬁl -‘:::"--._

20

CMT (%)

25+ i

D L] T L] T 1
0.0 1.5 3.0 45 8.0
Hours
—+ Hybrid1 = Hybrid2 & Hybrid3 - Germ1 @ Gemmn2

Fig. 6 Cell membrane thermostability in leaf discs from five field-
grown corn genotypes incubated in deionized water at 40 °C for 6 h.
Electrical conductivity measurements were made every 90 min. Error
bars indicate standard error (n = 6).

Exposure of the corn plants to heat stress showed a
gradual reduction in Fv/Fm during the course of the
7-day treatment as a result of a decrease in chlorophyll
content (Fig. 5b,c). Similar to the CMT results, reduction
in Fv/Fm was much faster in Germ 1 than in the other
genotypes. In Germ 2, Fv/Fm was comparable to that of
the commercial hybrids. Hybrid 1 had significantly higher
Fv/Fm (P < 0.05) among all the genotypes throughout
the 7-day heat stress treatment (Fig. 5¢).

Discussion

Changes in physiological measurements corresponded well
with the data obtained using the microcontroller system.
Leaf water potential was significantly lower in plants
grown in non-irrigated plots than those in the irrigated
plots (P < 0.01). The driving force for water movement
in the soil-plant system is the water potential gradient
that exists from soil to plants and from plants to air, gra-
dient being the highest in the soil and the lowest in the
air, known as the soil-plant—air continuum (Lambers
et al. 2008). As shown in Figure 3a,b, water potential in
the soil was about ten times higher than in the leaves
(with average values of —0.04 and —0.17 MPa in the soil
and —1.5 and —1.8 MPa in the leaves in the non-irrigated
and irrigated treatments, respectively). Soil water poten-
tial was about four times less in the non-irrigated plots
than in the irrigated plots. There was a progressive reduc-
tion in SWP in the non-irrigated plots with little precipi-
tation throughout the month of June for both years, and
extending into July in 2010 with further reduction in
SWP. However, heat stress confounded the effect of the
soil moisture treatments. A gradual reduction was
observed in W, in the irrigated plots, even though there
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was enough moisture available in the soil for the plants
to maintain higher W,,. High air temperature in June and
early July in both years and the latter part of July in
2010, in combination with little precipitation, might have
caused a higher rate of transpiration than the rate at
which the roots take up water from the soil, resulting in
a decline in ¥,. Similar studies on other crops showed
similar changes in W, and its components upon exposure
to heat, even though the soil water supply and relative
humidity conditions were optimal, implying an effect of
heat stress on root hydraulic conductance (Mazorra et al.
2002, Morales et al. 2003, Wahid et al. 2007). The non-
irrigated plants were under a combination of much
higher leaf moisture deficit (as low as —2.3 MPa) and
heat stress, which could make it more difficult for the
plants to meet the atmospheric evaporative demand and
cool the leaves. This resulted in higher canopy and air
temperatures in the canopy microclimate in these plots
than in the irrigated plots. Differences were observed
among the genotypes in these measurements. Germ 1,
Germ 2 and Hybrid 3 had higher CT among the geno-
types. There could be several factors that contributed to
this increase in temperature, which include physiological
responses and plant morphology.

Results from the in vivo and in vitro heat stress treat-
ments on the greenhouse and field-grown plants showed
that the germplasm lines were more sensitive to high-
temperature stress than the commercial hybrids in terms
of CMT. The structures and functions of biological mem-
branes are heat-sensitive, as heat stress alters the tertiary
and quaternary structures of membrane proteins, enhanc-
ing permeability of the membranes (Wahid et al. 2007).
Thylakoid membrane and PSII are considered the most
heat-labile and moisture-deficit-sensitive structures in the
chloroplasts (Ristic et al. 2008, Tang et al. 2007, Sainz
et al. 2010). Results from this study suggest that heat
stress damage to thylakoid membrane and PSII repre-
sented by CMT (Fig. 5a) may have resulted in loss of Chl
(Fig. 5b), which in turn reduced Fv/Fm (the maximum
quantum efficiency of PSII) (Fig. 5¢) over the course of
the 7-day heat stress treatment. Germ 1, with the greatest
cell membrane damage, had the lowest Chl and Fv/Fm
values. However, even though Germ 2 showed more
membrane damage than the hybrids, its Fv/Fm values
were comparable to those of the hybrids. Its high Chl,
which could be attributed to its greater specific leaf
weight, may have helped in compensating for the reduc-
tion in Fv/Fm. On the other hand, the CMT determina-
tion suggested that Hybrid 1 had the most stable cell
membrane by the end of the heat stress treatment result-
ing in higher Chl and Fv/Fm measurements than in all
the other genotypes. Under both in vivo and in vitro heat
stress treatments, Hybrid 3 had CMT similar to Hybrid 1.

© 2011 Blackwell Verlag GmbH, 198 (2012) 118-129



However, preliminary data showed that its CMT was
lower than that of the other two hybrids under a combi-
nation of heat and moisture deficit stress under field con-
ditions. Previous studies suggested that the effect of a
combination of the two stresses on plants is very different
from the effect of each individual stress (Rizhsky et al.
2002, Prasad et al. 2011). Rizhsky et al. (2002) showed
that drought stress resulted in the suppression of respira-
tion and photosynthesis, whereas heat stress resulted in
the enhancement of respiration, but did not significantly
alter photosynthesis. A combination of drought and heat
stress resulted in the closure of stomata, suppression of
photosynthesis, enhancement of respiration and increased
leaf temperature (Rizhsky et al. 2002).

Earlier studies in corn reported that large water deficits,
VY., lower than —1.5 MPa (Alberte and Thornber 1977),
and heat stress cause loss of chloroplast membrane integ-
rity resulting in reduction in chlorophyll content (Ristic
et al. 2008). Similarly, in the present study, reductions in
Chl and carotenoid contents were observed in the corn
plants under the two soil moisture treatments because of a
combination of these stresses. Loss of chlorophyll during
drought and heat stress can be attributed to loss of pig-
ment in the light-harvesting Chl a/b protein, consequences
of which are elevated Chl a/b ratios (Alberte and Thornber
1977). The decrease in light absorption by decreasing these
light-harvesting chlorophyll proteins is an essential protec-
tion mechanism of chloroplasts, which allows them to sur-
vive under unfavourable conditions by avoiding photo-
oxidation and photo-inhibition (Camejo et al. 2005). In
this study, the Chl a/b ratio was significantly higher and
Chl/Carot ratio was significantly lower in plants in the
non-irrigated plots, indicating a greater level of stress
damage compared to those in the irrigated plots. There
was greater reduction in Chl than in carotenoids, as shown
by the lower Chl/Carot ratio, because carotenoids function
in protecting the chloroplast from stress-induced oxidative
damage (Young 1991, Balouchi 2010). Higher Chl a/b and
lower Chl/Carot ratios detected in Germ 1 suggest that it
was under severe stress and the chloroplasts were either
adjusting to the condition by reducing light harvesting
and/or the stress damaged the light-harvesting proteins.
The lowest Chl a/b ratio observed in Germ 2 plants was
not associated with stress response, as it was also shown
by measurements under non-stress conditions in both
field and greenhouse tests.

Morphological traits could also have contributed to
how these corn plants responded to heat and moisture
deficit stress. Leaf morphology plays a role in keeping the
temperature and moisture balance between plants and
their environment, particularly stomata being the major
control points for plant water relations. Stomatal fre-
quency in the leaves of Germ 1 and Germ 2 was lower
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than in the commercial hybrids under field conditions
(data not shown). This could reduce the rate of transpira-
tion in these genotypes, which could result in increased
canopy temperature and the temperature of the air
around the plants. A greenhouse study also showed that
stomatal conductance and transpiration rate were signifi-
cantly lower in these genotypes compared to that of the
hybrids (data not shown). In addition, Germ 1 is smaller
in size than the other genotypes followed by Germ 2 and
Hybrid 3 (Table 3). Because of less ground cover by these
plants, higher soil temperature in these plots might have
been caused by solar radiation, which in turn could have
contributed to the increase in canopy and air tempera-
ture.

As evidenced by the reduction in the photosynthetic
apparatus in the irrigated treatments, heat stress, which
also indirectly could cause moisture deficit stress, appears
to be the factor that affected performance of the corn
genotypes in the irrigated plots. But the combined effect
of heat and severe moisture deficit stress had a much
greater impact in the non-irrigated plots. The higher sen-
sitivity of Germ 1 and Germ 2 to heat stress is perhaps
not surprising because of their genetic background. These
germplasm lines have tropical background, Germ 1 with
50 % background from Brazil and Germ 2 with 25 %
background from Cuba. Even though the tropical climate
is warm, these germplasm lines may not have been
exposed to the extent of heat that occurs in the Missis-
sippi Delta region during the months of June, July and
August. The commercial hybrids, however, were devel-
oped for this environment, and they seem to be more
thermostable than these germplasm lines. This study sug-
gests that Hybrid 1 was the most heat and drought stress
tolerant among all the genotypes. It showed the least cell
membrane damage and the lowest canopy temperature
under irrigated and non-irrigated treatments. This com-
mercial hybrid is known to have good tolerance to
drought stress and is widely grown in the Mississippi
Delta region.

Our results demonstrated that the low-cost microcon-
troller-based monitoring system that we developed to
monitor moisture deficit and heat stress, in combination
with physiological measurements, was effective in evaluat-
ing difference in corn genotypes in response to these
stresses. Continuous data collection is advantageous par-
ticularly in monitoring CT, which is subject to rapid fluc-
tuations over the course of a day, and the associated
factors such as air temperature and soil moisture. In this
study, variations observed in air and soil temperature and
soil moisture in plots of the individual corn genotypes
helped explain the variation in CT among genotypes, and
these variations were also reflected in physiological

responses. Under field conditions, as reduced water
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availability is frequently associated with high-temperature
stress, this automated system would be useful in evaluat-
ing crop plants under these stress conditions. As there are
multiple environmental stress factors on plants under nat-
ural conditions, monitoring these factors and relating the
information to the plants’ physiological and molecular
responses is a realistic approach to develop plants with
enhanced stress tolerance.
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endorsement by the U.S. Department of Agriculture. Men-
tion of a proprietary product or specific equipment does
not constitute a guarantee or warranty by the U.S. Depart-
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Acknowledgements

The authors wish to thank Mr. Kevin Colvin, Electronics
Technician, for his electronics expertise and assistance in
designing and constructing the circuit boards, and for his
assistance in field testing of the instrumentation, and Mr.
Roderick Patterson, Agricultural Science Research Techni-
cian, for his expertise and assistance in field operations
during this study. We also wish to thank Mrs. Debbie
Boykin for her assistance in statistical analysis of the data.
The study was executed with support from the research
project 6402-42000-003-000, USDA-ARS.

References

Alberte, S. R., and J. P. Thornber, 1977: Water stress effects on
the content and organization of chlorophyll in mesophyll
and bundle sheath chloroplasts of maize. Plant Physiol. 59,
351-353.

Bajji, M., J.-M. Kinet, and S. Lutts, 2001: The use of the elec-
trolyte leakage method for assessing cell membrane stability
as a water stress tolerance test in durum wheat. Plant
Growth Regul. 36, 61-70.

Balota, M., W. A. Payne, S. R. Evett, and T. R. Peters, 2008:
Morphological and physiological traits associated with
canopy temperature depression in three closely related
wheat lines. Crop Sci. 48, 1897-1910.

Balouchi, H. R., 2010: Screening wheat parents of mapping
population for heat and drought tolerance, detection of
wheat genetic variation. Int. J. Biol. Life Sci. 6, 56-66.

Bruns, H. A., 2005: Ultra-high plant populations and nitrogen
fertility effects on corn in the Mississippi Valley. Agron. J.
97, 1136-1140.

128

Camejo, D., P. Rodriguez, M. A. Morales, J. M. Dell’Amico, A.
Torrecillas, and J. J. Alarcon, 2005: High temperature effects
on photosynthetic activity of two tomato cultivars with
different heat susceptibility. J. Plant Physiol. 162, 281-289.

Cure, W. W,, R. B. Flagler, and A. S. Heagle, 1989: Correla-
tions between canopy reflectance and leaf temperature in
irrigated and droughted soybeans. Remote Sens. Environ.
29, 273-280.

Dias, A. S., M. G. Barreiro, P. S. Campos, J. C. Ramalho, and
F. C. Lidon, 2010: Wheat cellular membrane thermotoler-
ance under heat stress. J. Agron. Crop Sci. 196, 100-108.

Fisher, D. K., and H. Kebede, 2010: A low-cost microcontrol-
ler-based system to monitor crop temperature and water
status. Comput. Electronics Agric. 74, 168-173.

Garrett, R., and C. M. Grisham, 2005: Biochemistry, 3rd edn.
Thompson Brooks/Cole, Belmont, CA, USA.

Gavito, M. E., P. S. Curtis, T. N. Mikkelsen, and 1. Jakobsen,
2001: Interactive effects of soil temperature, atmospheric
carbon dioxide and soil N on root development, biomass
and nutrient uptake of winter wheat during vegetative
growth. J. Exp. Bot. 52, 1913-1923.

Gonzalez-Dugo, M. P., M. S. Moran, L. Mateos, and R. Bryant,
2006: Canopy temperature variability as an indicator of crop
water stress severity. Irr. Sci. 24, 233-240.

Havaux, M., 1998: Carotenoids as membrane stabilizers in
chloroplasts. Trends Plant Sci. 3, 147-151.

Hendry, G. A. F,, and A. H. Price, 1993: Stress indicators:
chlorophylls and carotenoids. In: G. A. F. Hendry, and J. P.
Grime, eds. Methods in Comparative Plant Ecology, pp.
148-152. Chapman & Hall, London.

Ismail, A. M., and A. E. Hall, 1999: Reproductive-stage heat
tolerance, leaf membrane thermostability and plant mor-
phology in cowpea. Crop Sci. 39, 1762-1768.

Iturbe-Ormaetxe, Inaki., P. R. Escuredo, C. Arrese-Igor, and
M. Becana, 1998: Oxidative damage in pea plants exposed to
water deficit or paraquat. Plant Physiol. 116, 173-181.

Jiang, Y., and B. Huang, 2001: Drought and heat stress injury
to two cool season turf grasses in relation to antioxidant
metabolism and lipid peroxidation. Crop Sci. 41,

436-442.

Kashiwagi, J., L. Krishnamurthy, H. D. Upadhyaya, and P. M.
Gaur, 2008: Rapid screening technique for canopy tempera-
ture status and its relevance to drought tolerance improve-
ment in chickpea. J. Semi-Arid Trop. Agric. Res. 6, 1-4.

Krause, G. H., and E. Weiss, 1984: Chlorophyll fluorescence as
a tool in Plant Physiol. II. Interpretation of fluorescence sig-
nals. Photosyn. Res. 5, 139-157.

Lambers, H., F. S. Chapin III, and T. L. Pons, 2008: Plant
physiological ecology: water movement trough plants. pp.
163-178.

Levitt, J., 1980: Responses of Plants to Environmental Stresses.
Water, Radiation, Salt and Other Stresses. Vol. II. Academic
Press, New York, NY, USA.

Mazorra, L. M., M. Nunez, E. Echerarria, F. Coll, and M. J.
Sanchez-Blanco, 2002: Influence of brassinosteriods and

© 2011 Blackwell Verlag GmbH, 198 (2012) 118-129



antioxidant enzymes activity in tomato under different tem-
peratures. Plant Biol. 45, 593-596.

Mittler, R., 2006: Abiotic stress, the field environment and
stress combination. Trends Plant Sci. 11, 15-19.

Morales, D., P. Rodraguez, J. Dell’amico, E. Nicolas, A. Tor-
recillas, and M. J. Sanchez-Blanco, 2003: High-temperature
preconditioning and thermal shock imposition affects water
relations, gas exchange and root hydraulic conductivity in
tomato. Biol. Plant. 47, 203-208.

Prasad, P. V. V., S. R. Pisipati, I. Mom¢ilovi¢, and Z. Ristic,
2011: Independent and combined effects of high tempera-
ture and drought stress during grain filling on plant yield
and chloroplast EF-Tu expression in spring wheat. J. Agron.
Crop Sci. doi: 10.1111/j.1439-037X.2011.00477.x.

Rashid, A., J. C. Stark, A. Tanveer, and T. Mustafa, 1999: Use
of canopy temperature measurements as a screening tool for
drought tolerance in spring wheat. J. Agron. Crop Sci. 182,
213-237.

Reynolds, M. P., C. S. Pierre, A. S. I. Saad, M. Vargas, and A.
G. Condon, 2007: Evaluating potential genetic gains in
wheat associated with stress-adaptive trait expression in elite
genetic resources under drought and heat stress. Crop Sci.
47, 172-189.

Ristic, Z., U. Bukovnik, and P. V. Vara Prasad, 2007: Correla-
tion between heat stability of thylakoid membranes and loss
of chlorophyll in winter wheat under heat stress. Crop Sci.
47, 2067-2073.

Ristic, Z., U. Bukovnik, I. Momcilovi¢, J. Fu, and P. V. Vara
Prasad, 2008: Heat-induced accumulation of chloroplast
protein synthesis elongation factor, EF-Tu, in winter wheat.
J. Plant Physiol. 165, 192-202.

© 2011 Blackwell Verlag GmbH, 198 (2012) 118-129

Determination of Moisture Deficit and Heat Stress Tolerance

Rizhsky, L., H. Liang, and R. Mittler, 2002: The combined
effect of drought stress and heat shock on gene expression
in tobacco. Plant Physiol. 130, 1143-1151.

Sainz, M., P. Diaz, J. Monza, and O. Borsani, 2010: Heat stress
results in loss of chloroplast Cu/Zn superoxide dismutase
and increased damage to Photosystem II in combined
drought-heat stressed Lotus japonicus. Physiol. Plant. 140,
46-56.

Srinivasan, A., H. Takeda, and T. Senboku, 1996: Heat toler-
ance in food legumes as evaluated by cell membrane ther-
mostability and chlorophyll fluorescence techniques.
Euphytica 88, 35-45.

Su, K, D. J. Bremer, S. J. Keeley, and J. D. Fry, 2007: Effects
of high temperature and drought on a hybrid bluegrass
compared with Kentucky bluegrass and tall fescue. Crop Sci.
47, 2152-2161.

Sullivan, C. Y., 1972: Mechanisms of heat and drought resis-
tance in grain sorghum and methods of measurement. In:
N. G. P. Rao, and L. R. House, eds. Sorghum in The Seven-
ties, pp. 247-264. Oxford and IPH, New Delhi, India.

Tang, Y. I, X. Wen, Q. Lu, Z. Yang, Z. Cheng, and C. Lu,
2007: Heat stress induces an aggregation of the light-harvest-
ing complex of Photosystem II in spinach plants. Plant
Physiol. 143, 629-638.

Wahid, A., S. Gelani, M. Ashraf, and M. R. Foola, 2007: Heat
tolerance in plants: an overview. Environ. Exp. Bot. 61,
199-223.

Young, J. A., 1991: The photoprotective role of carotenoids in
higher plants. Physiol. Plant. 83, 702—708.

129



